An integrated process of catalytic ozonation-persulfate oxidation was developed for the pretreatment of dry-spun acrylic fiber (DAF) wastewater on a pilot scale. Box-Behnken design and response surface methodology (RSM) were used for the design and optimization of the integrated process. A secondorder polynomial regression equation was established to describe the chemical oxygen demand (COD) and total nitrogen (TN) removal efficiency of the integrated process and was validated by the analysis of variance and residual techniques. The interaction effects of operational parameters were investigated using response surface analysis. Results showed that the maximum COD and TN removal efficiency of 42.36% and 28.51% were achieved for DAF wastewater when the reaction time, reaction temperature, addition of ozone and addition of persulfate were 4.44 h, 61.82 C, 40 g h À1 and 1.3 kg t
Introduction
As one of the most important types of synthetic bers, acrylic ber has been widely used in the production of blankets, articial fur, and plush toys. In China, the yield of acrylic ber is nearly 0.7 tons every year.
1 Presently, wet-spun and dry-spun acrylic ber (DAF) manufacturing technologies are the two main production processes used in China. DAF technology is widely employed owing to the product possessing high quality and versatility. However, the effluents from the DAF manufacturing process contain complex, highly toxic, and bio-refractory organic pollutants such as organic nitriles, alkanes, aromatic compounds, esters, phenols, phenols, SCN À and their oligomers. 2, 3 The typical concentrations of COD and ammonia nitrogen (NH 4 + -N) in DAF wastewater are 1000-2500 mg L À1 and 50-200 mg L À1 , respectively, 4 which may cause serious environmental problems if discharged directly into receiving waters without appropriate treatment. Presently, most DAF manufacturing factories have adopted traditional biological treatment or biological treatment followed by physicochemical treatment such as coagulation, neutralization, and adsorption. However, the high concentrations of polymers, inorganic salts, and other toxic compounds in DAF wastewater have strongly negative effects on these biochemical and physical procedures. The effluents aer treatment, which still contain high concentrations of COD, NH 4 + -N, total nitrogen (TN) and toxic compounds, could not meet effluent discharge standards. 5 Therefore, it is increasingly urgent to develop an effective and feasible pretreatment for DAF wastewater prior to biological treatment.
Approaches such as Fenton process, 6 photo-Fenton process, electro-Fenton process, 8 microelectrolysis, 9 coagulation-occu-lation, electro-coagulation, 10 and even microbubble-ozonation 11 have been used to decrease the amount of toxic contaminants in DAF wastewater, and to improve the biodegradability of the contaminants in subsequent treatment processes. However, there is a serious application bottle-neck due to their higher operating costs.
Catalytic ozonation has recently gained signicant attention as an effective process used to improve the biodegradability and reduce the toxicity of refractory wastewater. 12, 13 This technique has overcome some of the limiting factors of the traditional ozonation process such as low ozone dissolution and low efficiency of ozone. The generation of hydroxyl free radicals (cOH) from ozone can improve the oxidation effects because cOH possesses a higher oxidation potential (2.80 V oxidationreduction potential, second only to uorine) than molecular ozone. In catalytic ozonation process, refractory or toxic organic compounds can be oxidized and transformed into biodegradable small molecules or carbon dioxide and water.
As a newest oxidant, persulfate, which has greater efficiency in degrading refractory organic pollutants and fewer adverse impact on water quality than conventional chemical oxidation processes, has gained increasing attentions in recent years.
14-16
Stable at room temperature, persulfate can be activated via heat, transition metals, ultraviolet (UV) light, or other means, forming the highly reactive sulfate radical (cSO 4 À ). 17, 18 The sulfate radical exhibits a higher standard redox potential (E o cSO4 À ¼ 2.5-3.1 V vs. SHE) than the hydroxyl radical at neutral pH, which makes the sulfate radical superior in mineralizing numerous organic compounds. 19 The sulfate radical is also more efficient than the hydroxyl radical for degradation of many organic compounds, since it is more selective for oxidation by electrontransfer reaction. Furthermore, the sulfate radical exhibits high oxidation efficiencies in both carbonate and phosphate buffer solutions. 20 Recent studies have demonstrated the ability of surface radicals for simultaneous removal of refractory organic contaminants and ammonia in landll leachate. 21 However, there are few studies on the treatment of DAF wastewater using this process.
Based on this, in this study, an integrated process of catalytic ozonation-persulfate oxidation was investigated for DAF wastewater pretreatment in pilot scale. The reactor parameters, including reaction time, reaction temperature, the addition of ozone and the addition of persulfate, were optimized by BoxBehnken design and response surface methodology (RSM), and then the removal rates of the contaminants were investigated under the optimized treatment conditions. The biodegradability the biodegradability of raw and treated DAF wastewater were also evaluated. Moreover, the composition of N before and aer the integrated process was also analyzed to interpret the mechanism of TN removal.
Materials and methods

The pilot-scale reaction tower
The component and photo of pilot-scale reaction tower are shown in Fig. 1a and b. Oxidation tower coated insulation cotton was made of stainless steel with an effective volume of 180 L, and the available water depth was 6.00 m. The 120 L catalysts (home-made product) were lled into oxidation tower, and the volume of catalytic ozonation was also 120 L. Ozone was generated from pure dry oxygen using an ozonator (100 g h À1 , Goulin Technology Co. Ltd, China) at concentrations of 100.0-120.0 mg L À1 . The addition of ozone was controlled by the ow rate of oxygen and power of ozonator. The ozone was fed into the reactor at through a micro-porous gaseous plate located at the base of the oxidization tower. The remaining ozone gas discharged from the top of oxidation tower was collected by a trap containing 4.0% potassium iodide solution. The DAF wastewater (at 60-70 C) from workshop was stored in regulating reservoir with heater and adjusted to the appropriate temperature. Persulfate (20%) solution was stored in dosing tank 4, and was pumped into oxidation tower according to a certain amount. Persulfate was activated via heat come from DAF wastewater. Alkali solution was stored in dosing tank 9, and was automatically added into oxidation tower to control the reaction pH in the range of 6.5-6.8. 
Wastewater
The inuent of the pilot experiment was DAF wastewater from DAF manufacturing factory located in Liaoning Province, China. The typical water quality with great uctuation of this effluent was listed in Table 1 . NO 2 À -N and NO 3 À -N were not detected in the inuent.
Analytical methods
The inuent and effluent samples were collected on a daily basis and were analyzed immediately. The determinations of TN, NH 4 + -N, NO 2 À -N, NO 3 -N, BOD 5 and COD were carried out following the water and wastewater monitoring and analysis method (4th edition). 22 In addition, organonitrogen was achieved according to mathematical calculation. The value of pH was measured using a digital pH meter (Multi 340i, WTW Company, Germany).
Experiment design
A Box-Behnken design 23 was used to optimize the integrated process of catalytic ozonation-persulfate oxidation. Reaction time, reaction temperature, the addition of ozone and the addition of persulfate were chosen as four key control parameters in order to estimate the inuence of operational parameters on COD and TN removal efficiency and obtain the maximal COD and TN removal. Reaction time, reaction temperature, the addition of ozone and the addition of persulfate were termed as X 1 , X 2 , X 3 and X 4 , respectively. The minimum and maximum ranges of variables were investigated and the full experimental plan with respect to their values is listed in Table 2 , considered running cost. The coded values of the four independent variables together with the responses are shown in Table S1 . † An empirical secondorder polynomial model for four factors was in the following form:
where Y i is the removal of COD or TN (%); X i is the variable parameters in codes, b 0 , b i , b ii and b ij indicate the parameters of the regression model; 3 is the random error associated with this measure. 24 Design-Expert soware 8.0 (Stat-Ease Inc., America) was used to attain the coefficient parameters estimated by the multiple linear regression analysis, generate response surface contour plots and analyze the data collected by the performing analysis of variance (ANOVA).
Results and discussion
Experimental model
The four-factor experimental design and the removal of COD and TN are shown in Table S1 . † A second-order polynomial equation (eqn (2) and (3)) was used to express the relationship between the COD and TN removal response and operational variables.
Statistical testing of the model was performed with the Fisher's statistical test for analysis of variance (ANOVA). The results of ANOVA for COD and TN removal efficiency are depicted in Tables S2 and S3 . † The model F value of 160.74 and 198.08 implied that the models were signicant for the COD and TN removal efficiency; indeed, there were only a 0.01% chance that these large model F value could occur due to noise. For the removal of COD, the F values for reaction time, reaction temperature, the addition of ozone and the addition of persulfate were 280.93, 95.10, 1557.44 and 117.04, respectively, which implied that the inuence of the addition of ozone on the integrated process of catalytic ozonation-persulfate oxidation of DAF manufacturing wastewater was the most signicant, followed by reaction time, the addition of persulfate and reaction temperature, orderly. For the removal of TN, the order was the addition of ozone, the addition of persulfate, reaction temperature and reaction time; therefore, the addition of persulfate played an important role in the removal of TN. The probability value (P value) was equivalent to the proportion of the area under the curve of the F-distribution that lies beyond the observed F value. 25 A smaller P value indicates a higher signicance of the corresponding coefficient. A P value > 0.10 indicates that the model term was insignicant. 26 As shown in the Table S2, † the P value < 0.0001 for the regression model of the removal of COD indicated that the quadratic model was highly signicant and adequate for representing the actual relationship between the response and the variables. Furthermore, the individual variables effects (X 1 , X 2 , X 3 and X 4 ) and interaction terms (X 1 X 2 , X 2 X 4 , X 3 X 4 and X 2 2 ) were signicant terms (P < 0.10) and had signicant effects on the removal efficiency of COD. For the removal of TN (Table S3 † 
The correlation between the experimental data and the predicted values is evaluated by the coefficient of determination (R 2 ). The experimental results and model predictions (eqn (2) and (3)) are shown in Table 3 . The obtained R 2 value of 0.9938 and 0.9950 indicated that only 0.62% and 0.5% of the total variations were not explained by the model in the removal of COD and TN. This high R 2 value suggested that the regression models could well estimate the COD and TN removal response in the studied range. The adjusted determination coefficient (adj R-squared) was 0.9876 and 0.990, showing the high signicance of the model. The "Pre R-squared" of 0.9644 and 0.9711 was close to "Adj R-squared". Adequate precision was a signal to noise ratio and compared the range of the predicted values at the design points to the average prediction error. Fig. 2a and b are the plot of the predicted values vs. the experimental values of COD and TN removal response. The predicted values calculated using the second-order model were in good agreement with the experimental values, which indicated that there was a satisfactory correlation between the predicted values and the experimental values.
The reaction residual was another important indicator for evaluating the adequacy of the model in addition to the regression coefficient. The residuals were essentially elements of the variation unexplained by the tted model and should conform to a normal distribution.
27 Fig. S1a and b † are the normal probability plot of the residuals for the removal of COD and TN, which roughly follow a straight line, reveal reasonably well-behaved residuals from the trends. Fig. S1c and d † show the residuals vs. the predicted values for the removal of COD and TN. According to the plots, the residuals appeared to be randomly scattered around zero. Fig. S1e and f † show the residuals in the order of the corresponding observations. Based on the plots, the residuals uctuated randomly around the Table 3 The characteristics of DAF wastewater before and after catalytic ozonation-persulfate oxidation in the three replicate experiments. Note: reaction pH is 7.0 AE 0.1 center line. All the results above indicated the second-order model could be used to optimize and estimate the removal COD and TN for DAF production wastewater.
Response surface analysis
To aid visualization and identify the type of interactions between the test variables, the response surface plots and contour plots for the removal of COD and TN are shown in Fig. 3  and 4 . According to the results before, interaction terms of X 1 X 2 , X 2 X 4 and X 3 X 4 had a signicant inuence on the removal efficiency of COD. As shown in Fig. 3a-d , the COD removal efficiency signicantly increased when reaction temperature increased from 50 C to approximately 60 C. However, COD removal decreased when further increased reaction temperature from 60 C to 70 C. This phenomenon may be caused by the quenching time of the high active cOH shortened with the increase of reaction temperature, which reduced the degradation efficiency of pollutants. According to Fig. 3e and f, the removal of COD was the result of the combination of ozone and persulfate. The increase of ozone or persulfate all could promote COD removal, however, the inuence of ozone was more obvious than that of persulfate. With regard to the TN removal, X 1 X 3 , X 1 X 4 , X 2 X 3 and X 2 X 4 were signicant, and the response surface plots and contour plots of them are given in Fig. 4 . According to Fig. 4a-d , prolonged reaction time, or increased the addition of ozone or persulfate all could enhance the TN removal efficiency increased under studied range. The probable reason for this behavior was that the generation of cOH and cSO 4 À had been promoted by the increase of the addition of ozone or persulfate, which enhanced the oxidation capability of the integrated process, thereby promoting the TN removal efficiency. As shown in Fig. 4e and f, increased reaction temperature led to a rapid increase in the TN removal efficiency, and then slowed nearer the maximum efficiency at approximately 63 C. Fig. 4g and h show that 60 C is the optimum reaction temperature for the persulfate oxidation, with lower or higher temperature having a negative effect on TN removal. It may be the reason that persulfate could not be absolutely activated at lower temperature and decomposed at higher temperature.
Determination of optimum conditions
The main objective of the optimization was used to determine the optimum values of variables of an integrated process of catalytic ozonation-persulfate oxidation based on the obtained model. The desired goal in terms of COD and TN removal efficiency was dened as "maximize" to achieve the maximum treatment efficiency. Priority to the maximum TN removal efficiency and taken into account both investment cost and operation cost, the optimum values of the variables were as follows: 4.44 h reaction time, 61.8 C reaction temperature, 40 g h À1 ozone and 1.3 kg t À1 persulfate. According to the prediction of the polynomial quadratic equation model, the COD removal efficiency was 42.24 and the TN removal was 28.6% under the optimum reaction conditions. To conrm the model adequacy for predicting the maximum removal efficiency of COD and TN, three parallel experiments under this optimum operation condition were performed with DAF wastewater. As seen in Table 3 , the average removal efficiency of COD was ca. 42.36%, while the average removal efficiency of TN in the three replicate experiments was 28.51%. The good conformity between the predicted and experimental results veried the validity of the model and reected the existence of an optimal point.
Biodegradability and the mechanism of TN removal
As seen in Table S1 , † the BOD 5 /COD (B/C) ratio of raw DAF wastewater was 0.078, which indicated that DAF wastewater was clearly refractory and difficult to biodegrade using biological treatment. Aer treated by the integrated process of catalytic ozonation-persulfate oxidation, the B/C ratio of DAF wastewater increased from 0.078 to 0.315 under the optimum conditions, indicating a high biodegradability of the treated wastewater.
To further investigate the biodegradability and gain some insight into the degradation process, the GC-MS was also employed to detect the composition of the initial DAF wastewater and aer catalytic ozonation-persulfate oxidation treatment. The GC peaks of compounds in the wastewater were shown in Fig. S2 and S3 † and it was clearly observed signicant differences before and aer catalytic ozonation-persulfate oxidation treatment. About 46 compounds in the initial DAF wastewater and 48 compounds in the treatment wastewater had been detected and listed in the Tables S4 and S5 . † In order to give more detail about biodegradability and mechanism of TN removal, the compounds in the wastewater were classied into several categories and summarized according to the peak areas tting. As can be seen from Fig. 5 , it was clearly observed that all the categories of the compounds except the ketone ether decreased more than 30% aer treatment. The reason may be that cOH and cSO 4 À were not selective during the degradation of organic matters, 28,29 the nitrile compounds and nitrogen heterocyclic compounds, which were the most toxic and difficult to biodegrade, decreased signicantly aer catalytic ozonation-persulfate oxidation treatment. On the contrary, ketone ether used as a source of organic carbon increased aer treatment. The results could be further conrmed that the integrated process of catalytic ozonation-persulfate oxidation was effective in improving the biodegradability of DAF wastewater and was promising as pretreatment prior to biological treatment.
In this study, the composition of N before and aer the integrated process of catalytic ozonation-persulfate oxidation was also investigated to interpret the mechanism of TN removal, which is shown in Tables S2, S3 † and Fig. 6 . According to Fig. 6a , there is 87.2% organonitrogen and 12.8% NH 4 + -N in the raw DAW wastewater. Fig. 6b shown that treated by integrated process, the ratio of organonitrogen was a dramatic decline to 46.4%, and the ratio of NH 4 + -N had a slight increase to 21.3%. Meanwhile nitrate nitrogen and nitrogen appeared and the ratio was 9.1% and 23.2%, respectively. The change of nitrogen existing forms indicated that organonitrogen was converted into ammonia nitrogen, nitrate nitrogen, and nitrogen. The possible degradation pathway of TN in the DAF wastewater was proposed. The nitrogen heterocyclic compounds which were main source of TH, were oxidized rstly to small molecule amino compounds by oxidant such as ozone, cOH and cSO 4 À . With following further degradation and mineralization, the amino would be release into the solution, which leaded to the formation of ammonia nitrogen and nitrate nitrogen. In the next step, ozone and cOH played a very 
Conclusion
In this study, an integrated process of catalytic ozonation-persulfate oxidation was used for the pretreatment of DAF wastewater. Box-Behnken design and RSM were employed for the optimization and analysis of the integrated process. The following conclusions could be drawn:
(1) The second-order response surface model was valid and adequate for predicting COD and TN removal efficiency of DAF wastewater with four independent variables: reaction time, reaction temperature, the addition of ozone and the addition of persulfate.
(2) ANOVA yielded a high coefficient of determination, ensuring a satisfactory adjustment of the second-order regression model with the experimental data.
(3) The effect of the experimental parameters on the COD and TN removal efficiency was established by the response surface plots. The optimum values of the variables for the maximum COD removal (42.36%) and TN removal (28.51%) developed by the response surface model were found as follows: 4.44 h reaction time, 61.8 C reaction temperature, 40 g h À1 ozone and 1.3 kg t À1 persulfate.
(4) Aer the treatment under the optimum conditions, the B/C ratio increased from 0.078 to 0.315, indicating a signicant biodegradability improvement.
(5) The comparison of N composition before and aer the integrated process conrmed organonitrogen was converted into ammonia nitrogen, nitrate nitrogen, and nitrogen, which resulted in the removal TN.
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